The antral compartment in the ovary consists of two populations of oocytes that differ by their ability to resume meiosis and to develop to the blastocyst stage. For reasons still not entirely clear, antral oocytes termed surrounded nucleolus (SN; 70% of the population of antral oocytes) develop to the blastocyst stage, whereas those called not-surrounded nucleolus (NSN) arrest at two cells. We profiled transcriptomic, proteomic, and morphological characteristics of antral oocytes and observed that NSN oocyte arrest is associated with lack of cytoplasmic lattices coincident with reduced expression of MATER and ribosomal proteins. Cytoplasmic lattices have been shown to store maternally derived mRNA and ribosomes in mammalian oocytes and embryos, and MATER has been shown to be required for cytoplasmic lattice formation. Thus, we isolated antral oocytes from a Mater tm/tm mouse and we observed that 84% of oocytes are of the NSN type. Our results provide the first molecular evidence to account for inability of NSN-derived embryos to progress beyond the two-cell stage; these results may be relevant to naturally occurring preimplantation embryo demise in mammals.
INTRODUCTION
Mammalian oogenesis encompasses complex mechanisms required for the maturation of primordial follicles into preovulatory follicles followed by the release of antral oocytes. Many factors are involved in oocyte maturation and among them the action of hormones (e.g., follicle-stimulating hormone and luteinizing hormone) and the exchange of substances between the oocyte and the surrounding somatic cells play critical roles. Moreover, the oocyte of the ovulating follicle secretes growth factors that are important for the expansion of cumulus cells, regulation of extracellular stability, and, last of all, ovulation.
The antral compartment in the ovary consists of two populations of oocytes that differ mainly by their ability to resume meiosis and to develop to the blastocyst stage following fertilization. Antral oocytes distinguishable as having a surrounded nucleolus (SN; 70% of the population of antral oocytes) are able to develop to the blastocyst stage, whereas those with a not-surrounded nucleolus (NSN) arrest at the two-cell stage [1] . Our recent studies showed more extensive localization of Oct4 in SN than in NSN oocytes, together with higher levels of expression of some oogenesisspecific genes, such as Gdf9, Bmp15, and Nobox, at the antral stage [2, 3] . Based on these data, we considered whether physiological features of SN oocytes may be related to the expression of key genes likely to function in critical developmental windows that predict outcomes for antral oocytes. Despite extensive studies of antral oocytes, the antral compartment, and the signals/molecules exchanged between somatic and germ cells, it is still not clear why antral SN and NSN oocytes are developmentally different and what factors, molecules, or mechanisms endow the SN type with competence for embryo development. Recently, however, it has been suggested that cytoplasmic lattices (CPLs) reflect storage for maternally derived mRNA and ribosomes in mammalian germinal vesicle stage (GV) oocytes and preimplantation embryos [4] . In the mouse, the Mater gene (maternal antigen that embryos require) has been shown to be required for CPL formation, and the development of oocytes lacking Mater is arrested at the two-cell stage [5] .
To highlight this intriguing and still unclear situation, we determined the transcriptomic, proteomic, and morphological profiles of differentiated GV oocytes; furthermore, we examined the CPL network in both NSN and SN oocytes.
MATERIALS AND METHODS

Reagents
Female mice were purchased from Charles River; M2 medium was purchased from Millipore. Reagents for microarray analysis were purchased from Agilent Technologies. An RNeasy Mini Kit was purchased from Qiagen and all other reagents were purchased from Sigma unless otherwise noted.
Animals
Adult B6C3F1 4-to 5-wk-old female mice were maintained in a room with controlled temperature and humidity with phases of 12L:12D and fed ad libitum. All investigations were conducted in accordance with the guiding principles of European (no. 86/609/CEE) and Italian (nos. 116/92, 8/94) laws protecting animals used for scientific research.
For the collection of antral oocytes, females (wild-type and Mater tm/tm ) were injected intraperitoneally with 3.75 IU of equine chronic gonadotropin and 48 h later oocytes were isolated from the ovaries.
Isolation of Oocytes
Antral oocytes from both wild-type and Mater tm/tm mouse (39 wk old; kind gift of Prof. Dean, NIDDK) were collected by puncturing the surface of the ovaries with a sterile needle and were then washed in M2 medium and stained with the fluorochrome Hoechst 33342 to distinguish chromatin organization in the NSN and SN types [2] . Different assays were performed in parallel using different batches of oocytes from wild-type mice. In particular, isolated oocytes in groups of 50 were then collected in 0.5 ll of M2 and stored in liquid nitrogen until further utilization for microarray analysis, and isolated groups of 300 SN and 300 NSN were processed for proteomics analysis. Two groups of 10 oocytes/type (10 SN and 10 NSN oocytes) were fixed for transmission electron microscopy.
Microarray Analysis
RNA labeling and hybridization on microarray was done independently for SN and NSN oocytes with two replications. Two sets of 50 antral oocytes were collected in M2 medium and then were labeled with Cy3-CTP. Fluorescently labeled microarray targets were prepared using a Low RNA Input Fluorescent Linear Amplification Kit (Agilent) with two-round amplification. Cy5-CTPlabeled reference target was produced from a mixture of Stratagene Universal Mouse Reference RNA and MC1 cell RNA. Targets were purified using an RNeasy Mini Kit and then quantified on a NanoDrop scanning spectrophotometer (NanoDrop Technologies). Target cRNA was hybridized to the National Institute on Aging (NIA) Mouse 44K Microarray v3.0 (whole-genome 60-mer oligo arrays, design ID 015087; Agilent) according to the manufacturer's protocol (Two-Color Microarray-Based Gene Expression Analysis Protocol, product #G4140-90050, version 5.0.1). Slides were scanned with an Agilent DNA Microarray Scanner (model G2505-64120) at 100% and 10% photomultiplier tubes in both channels, with a scan resolution of 5 lm. All hybridizations compared one Cy3-CTP-labeled experimental target to the single Cy5-CTP-labeled reference target that was used for normalization. All DNA microarray data are available at the public depository (Gene Expression Omnibus [GEO], National Center for Biotechnology Information [NCBI], http://www.ncbi.nlm.nih.gov/geo/, GEO accession number GSE34671) and at the NIA Array Analysis software (http://lgsun.grc.nia.nih.gov/ANOVA/).
Microarray data were uploaded in the NIA Array Analysis software and the background threshold was determined according to the plot of error function versus the expression level. For each gene on the array, mean log signal intensity was calculated on the basis of the signal intensities obtained from the two replicate hybridizations. Only genes with log mean intensity less than 2 were filtered out to remove noisy data near background levels. A hierarchical clustering was performed using the same NIA Array Analysis tool. The NIA Mouse Gene Index, mm8 [6] , was used to find the genes overrepresented and underrepresented between the antral oocytes.
Proteomic Analysis
Three hundred SN and 300 NSN trypsin-digested oocytes were processed by means of two-dimensional micro-liquid chromatography coupled to an ion trap mass spectrometer (also referred to as multidimensional protein identification technology [MudPIT] ) and analyzed as previously described [7] . The experimental mass spectra produced by MudPIT analyses were correlated to the in silico peptide sequences of the rat protein database retrieved from NCBI in 2010 (http://www.ncbi.nlm.nih.gov/); data processing, including that for posttranslational modifications, such as acetylation, deimination, and methylation, was performed by means of Bioworks 3.3.1, based on the SEQUEST algorithm [8] . The validity of peptide/spectrum matches was assessed using SEQUEST-defined parameter thresholds. Specifically, matching between spectra was only retained if they had a minimum Xcorr of 1.5 for þ1, 2.0 for þ2, and 2.5 for þ3 charge state. In addition, to obtain very stringent results, the threshold of peptide probability was set at 10 À3 . Protein lists were compared and the differential expression evaluation was performed by Multidimensional Algorithm Protein Map (MAProMa) software as reported previously [9] . Protein interaction network was performed by means of Cytoscape software (Institute for System Biology), an open source software project for integrating biomolecular interaction networks with high-throughput expression data and other molecular states into a unified conceptual framework [10] .
Preparation of Oocytes for Transmission Electron Microscopy
Oocytes in the collecting solution were centrifuged at 5000 rpm for 20 min and pellets were processed for transmission electron microscopy. Fixation was performed by immersion through gentle replacement of the supernatant with 2.5% glutaraldehyde (EM grade) and 4% paraformaldehyde, with 0.1% tannic acid and 0.01 M MgCl 2 , in 0.1 M sodium cacodylate buffer (pH 7.3) solution for 2 h at room temperature, followed by 4 h at 48C. Oocytes were postfixed for 1 h in osmium tetroxide 1.33% in 0.1 M s-collidine buffer, stained en bloc with 2% uranyl acetate, and then dehydrated in a graded ethanol series. Finally, the specimens were embedded in epoxy resin Epon 812. Semithin (0.2 lm) and ultrathin (40-60 nm) sections were obtained using an ultramicrotome Reichert Ultracut S provided with a diamond knife. The semithin sections were stained with toluidine blue and ultrathin sections, after collection on 200-mesh grids, were counterstained with lead citrate. Observations and electron micrographs were made using a Zeiss EM 10 transmission electron microscope operating at 80 kV with an objective aperture of 30 or 60 lm; images were recorded on Kodak 4489 Electron Image film and finally digitized on an Epson Perfection V750 Pro scanner at 1600 dpi.
Morphometric Computerized Analysis
Lipid droplet content in the oocytes was evaluated in single oocytes on five sections from a series: two peripheral, two tangential to the nuclear envelope, and one equatorial. For each section relating to a single oocyte, the steps preparing the quantitative evaluation with NIH ImageJ software were 1) equalization of the oocyte image for a much better discrimination of image details and features in order to obtain the most accurate selection of the regions of interest (ROIs; lipid droplets); 2) thresholding the continuous tone image in order to obtain a binary image in which the ROI corresponded exactly to the lipid droplets; and 3) measurement of the ROIs in the five sections/oocyte, saving the results collected from each single oocyte in a file to treat data for statistical evaluations and comparisons between SN and NSN oocytes.
RESULTS
Microarray Analysis Shows Overexpression of 19 Genes in NSN Antral Oocytes
We observed that transcriptomic profiles are largely similar between SN and NSN oocytes. Among 44 000 probes (representing the majority of known genes), 43 522 probes were not expressed differently, 459 were more highly expressed in SN than in NSN oocytes, and 19 were more highly expressed in NSN than in SN oocytes (Fig. 1A and Supplemental Tables S1 and S2; all Supplemental Data are available online at www.biolreprod.org). Genes overexpressed in SN or NSN oocytes were then clustered into classes according to presumed biological functions (Fig. 1B) . Expression of 27 ribosomal proteins was greater in SN oocytes relative to NSN oocytes (Fig. 1C) , suggesting that long-term storage of ribosomal protein mRNA differs between antral SN and NSN oocytes. Consequently, reduced expression of these 27 ribosomal proteins in NSN oocytes suggests that these oocytes likely mature with a cytoplasm not fully equipped to sustain future embryo development, as the lack of storage of maternally derived ribosomes seems to suggest [11] . Because oocyte mRNA synthesis stops at the germinal vesicle breakdown stage and new mRNA production does not resume until the two-cell stage, ribosomal protein synthesis must be carried out on a maternal mRNA template [12] . The deficient ribosome usage and subsequent cessation of protein activity could be the prelude to the two-cell developmental arrest of the NSN-derived embryo.
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NSN OOCYTES DEVELOPMENTAL ARREST
Proteomic Analysis Reveals Subtle Differences Between SN and NSN Antral Oocytes
We next investigated the proteomic profiles of 600 antral oocytes (300 SN and 300 NSN) by MudPIT ( Fig. 2A) . Because both SN and NSN oocytes reach the metaphase II (MII) stage and are competent for fertilization and the first cellular divisions, we analyzed the data using a very stringent threshold to identify the most likely critical proteins linked to subtle differences that distinguish SN and NSN oocytes. We observed six proteins that were up-regulated in SN relative to NSN and 23 that were up-regulated in NSN relative to SN oocytes.
Our proteomic results revealed up-and down-regulation of several proteins crucial for cellular processes (Figs. 2B and 3  and Supplemental Tables S3 and S4 ); in particular, when compared to SN oocytes, NSN oocytes showed a significant down-regulation of the proteins MATER and FILIA, and upregulation of peptidylarginine deiminase type 6 (PADI6).
We also analyzed the protein data to search for significant peptide modifications, and found that NSN oocytes had a higher number of methylated and acetylated peptides than SN oocytes ( Fig. 2C and Supplemental Table S5 ). In the light of the following data, it is tempting to speculate that the greater modifications of the NSN proteome might be another cause for the failure of meiosis to resume: 1) keratins, titin, and thymosin-beta 10 are among the most highly methylated and acetylated proteins; keratin is one of the most well-known PAD substrates for deimination, and it is involved in the reorganization of cytoskeletal sheets in preparation for oocyte maturation [13] ; 2) in muscle fibers, titin-based tension is calcium responsive, and those calcium currents are responsible for oocyte resumption of meiosis [14] ; 3) thymosin-beta 10 is a G-actin binding protein whose function is still unknown, although the gene has been shown to influence cell proliferation towards apoptosis [15] .
MATER Expression Is Significantly Lower in NSN Oocytes
Because we showed down-regulation of MATER and underexpression of ribosomal proteins in NSN oocytes, we speculated that, unlike Mater þ/þ GV oocytes, the Mater tm/tm antral population should be composed mostly of NSN oocytes.
To test this hypothesis, we analyzed Mater tm/tm antral oocytes, showing that 84% of these GV oocytes were of the NSN type (Fig. 4A) . Mater tm/tm mice express residual amounts of MATER protein [16] ; this can explain why the remaining 16% of Mater tm/tm antral oocytes were of the SN type. We also performed transmission electron microscopy analysis on SN and NSN oocytes, revealing that the NSN type contained none or very few CPLs as compared to SN oocytes (Fig. 4B) . For this reason, the total absence (or great reduction) of CPLs can be considered a NSN-specific molecular morphology feature. In addition, considering that Mater tm/tm eggs lack subcortical maternal complex [17] and that MATER is down-regulated in NSN oocytes in wild-type and mutated animals, the data, taken together, confirm that structural defects of the subcortical maternal complex (due to the down-regulation/absence of some of its components) are characteristic of NSN oocytes (Fig. 5A) .
PADI6 is another constituent of the subcortical maternal complex and colocalizes with MATER throughout the cytoplasm in association with CPLs [13, 17, 18] . It has been suggested that the absence of PADI6 leads to a lack of CPL formation because of a citrullination deficiency [13] . However, our data suggest that a deficiency of citrullination does not affect the formation of CPL, but rather that the underexpression of MATER and the absence of subcortical maternal complex components may be the main cause. The abundance of PADI6 and citrullination in NSN is, in fact, able to affect proteinprotein interactions, altering the three-dimensional folding and/ or the activity of the substrate proteins [19] .
Morphometric Analysis of Lipid Droplet Content: Another Marker to Differentiate SN and NSN Oocytes
We next sought to determine if additional markers of biological function might distinguish SN and NSN oocytes; for this purpose, we analyzed the lipid droplet content of the two types of antral oocytes, because it was recently shown that a decrease of CPLs in Mater null oocytes corresponds to an increase in the volume of these lipid droplets [5] . Except for their role in cellular energy storage and their association with MONTI ET AL.
apoptosis [20] and cancer [21] , the contribution of lipid droplets during oocyte maturation is still poorly known. Some authors recently found a correlation between MATER and the antiapoptotic pathway [21, 22] , leading to the conclusion that the accumulation of lipid droplets in Mater null oocytes could be a sign related to apoptotic activity. Through the morphometric analysis, we demonstrated that NSN oocytes contain significantly more lipid droplets than did SN oocytes (Fig. 5A-D' ).
DISCUSSION
In this paper, we explore whether mouse antral SN and NSN GV oocytes could be clearly distinguished via transcriptomics, proteomics, and morphological analyses. Although several NSN OOCYTES DEVELOPMENTAL ARREST studies have already performed genome-wide microarray analyses on preimplantation embryos [23, 24] , oocytes as a function of aging [25] , and general oogenesis [26, 27] , no studies have reported analysis restricted to isolated antral SN and NSN oocytes. Besides, recent papers [28] [29] [30] have also reported proteomic analysis of undifferentiated GV, MII, and zygotes; however, nobody has yet described comparisons between SN and NSN oocytes.
For these reasons, our study provides, for the first time, the conceptual framework to understand naturally occurring embryo preimplantation losses through a link between molecular morphology and cell biology.
At first, we hypothesize that inability of NSN oocytes to complete embryonic development may be due to cytoplasmic defects and/or to reduced activity or expression of key maternal proteins. We observe that developmental failure of NSN antral oocytes is coincident with lack of CPLs and reduced expression of MATER protein and ribosomal proteins. In contrast, SN oocyte cytoplasm contains a significantly higher number of CPLs and associated ribosomes. MATER protein is the main constituent of the subcortical maternal complex [17] and is required for the formation of CPLs [5] . It is also involved in ribosome biogenesis and RNA transcription and translation [18] ; thus, MATER is critical for acquisition of meiotic competence. In fact, Mater tm/tm oocytes do not form (or form to a lesser degree) CPLs and are not able to progress beyond the two-cell stage [5] . To demonstrate definitively that NSN oocytes are CPL deficient and have lower levels of MATER, we compare antral oocytes from a Mater tm/tm mouse to wild type and observe that the vast majority of oocytes are of the NSN type. This tells us that Mater tm/tm embryo arrest depends only on the heritage the embryos have originally acquired being born as NSN oocytes.
The down-regulation of MATER in NSN oocytes correlated with the underexpression of ribosomal proteins and the absence of CPLs (all factors involved in ribosome biogenesis and translation machinery) together with the down-regulation of several other important maternal proteins (i.e., all the proteins belonging to the heat shock factor family) gives us interesting information regarding antral oocyte physiology. For this reason, we believe that it is extremely important to look at the chromatin configuration of oocytes of mutated animals [4, 18, 31] ; besides the information on Mater tm/tm oocytes we provide here, a paper has recently been published reporting, in agreement with our way of thinking, that Dppa3 À/À oocytes are 66% of the NSN type [32] . A question arises: is the phenotype of oocytes derived from mutated maternal genes really due to gene ''shutdown/manipulation'' or is it due to the morphological characteristics (SN or NSN) of the oocyte itself?
MATER, together with FILIA, FLOPED, PADI6, and TLE6 proteins, forms the subcortical maternal complex located in the subcortical region of the oocytes and early embryos and is essential for preimplantation embryo development beyond the two-cell stage [17] . MATER, the major constituent of the complex, interacts directly with FLOPED and TLE6, whereas FILIA only binds to MATER [17] . Based on our proteomic data, we speculate that MATER down-regulation in NSN oocytes causes complex disassembly because of the inability of the other proteins to bind to MATER. However, further experiments are necessary to confirm this hypothesis.
We also analyze the lipid droplet contents of antral oocytes as further evidence of the role played by CPLs in the resumption of meiosis and of lipid droplets as being good candidate markers for oocyte developmental competence. In fact, NSN oocyte cytoplasm contains more lipid droplets than SN oocytes. Our recent results obtained with Fouriertransformed infrared technology support this hypothesis, showing that there are significant spectral differences in the lipid absorption region between SN and NSN oocytes, with the highest content of long-chain saturated fatty acids in the NSN type [33] .
We believe that these data are important also for human reproduction, especially considering that few live births are derived from in vitro maturation and fertilization of human oocytes isolated from small and antral follicles, hence the importance of selecting good oocytes (i.e., SN type) able to complete preimplantation embryo development. For this reason, we think that future studies should focus on the ultimate biological meaning of NSN oocytes, trying to explain the reasons for their existence, which leads to a natural decrease (i.e., not counterselected) in embryonic developmental yield. Exploitation of these data could lead to a hypothetical 30% increase of preimplantation embryo yields, rendering artificial reproduction both in humans and in zootechnics more efficient for the benefit of human health and animal production. Furthermore, the data will contribute to the bioethical debate on embryo status and personhood, helping to ensure that decisions (philosophical and bioethical) about embryos are founded on updated scientific information. In brief, the data give some basic knowledge about the miniature, wonderfully organized laboratory of molecular biology that is the oocyte.
